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Fracture Fillings and Intrusive Pyroclasts,
Inyo Domes, California

GRANT HEIKEN, KENNETH WOHLETZ, AND JOHN EICHELBERGER!
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Fractures containing juvenile magmatic pyroclasts were encountered during drilling into a 600-year-
o old feeder dike beneath the Inyo Domes chain, California. The Inyo Domes consist of a north-south
trending, 10-kmilong chain of domes, rhyolitic tuff rings, and phreatic craters. Boreholes were cored
through the 51-m-diameter conduit of Obsidian Dome, the largest of the Inyo Domes, and through an
unvented portion of the intrusion (dike) 1 km to the south. Pyroclast-bearing fractures were intersected
in both holes: (1) 7- to 40-cm-thick fractures in welded basaltic scoria and quartz monzonite country
rock are adjacent to the conduit at depths of 400411 m and 492-533 m; they contain gray, clastic
deposits, which show truncated cross bedding and convolute bedding; (2) adjacent to the dike, massive
fracture fillings occur at depths of 289-302 m (129 m east of the dike) and 366-384 m (95-87 m east of the
dike). The fracture fillings consist of mineral clasts derived from the quartz monzonite, quartz monozoni-
tic and basaltic lithic clasts, and juvenile glass pyroclasts. Angular mineral components are present in the
same ratio as in the surrounding quartz monzonite country rock. Juvenile glassy and hyalocrystalline
pyroclasts make up from less than 1% up to 22% of the deposits. They consist of blocky obsidian clasts,
equant, blocky glass pyroclasts with vesicularities of 0-30%, and small pumices with vesicularities of
30-40%. Intrusive pyroclasts differ from erupted pyroclasts in their generally lower vesicularity, higher
crystallinity, and the presence of solution pits and clay coatings indicative of prolonged contact with
water. The presence, orientation, and texture of fracture fillings strongly resemble those of propped,
man-made hydrofractures. We interpret these fractures as naturally occurring hydrofractures. The appar-
ently horizontal fracture orientations may have been controlled by perturbations of maximum principal
stress by the dikes or by preexisting sheet fractures in the quartz monzonite country rock, Assumption of
elastic moduli and fracturing properties for the Sierran basement rock allows calculation of fluid over-
pressures 5 to 9 MPa in excess of overburden stress. These overpressures are consistent with either vapor
exsolution from decompressed magma or rapid heating of groundwater. However, the textural and
chemical similarity of the pyroclasts to phreatomagmatic tephra that appears late in the explosive
eruption sequence suggests that heating of groundwater by the dike/conduit caused the fracturing. Such
fracturing around volcanic conduits may play an important role in the development of hydrothermal
circulation.

INTRODUCTION fractures containing juvenile magmatic fragments (pyroclasts)
adjacent to the conduit and dike. Such rocks have been re-
ported in only a few localities [Watson, 1968; Andersen and
Quale, 1986], possibly because they are friable and do not
survive erosion when exposed.

This study of fracture fillings was made for the purpose of
evaluating the eruption phenomena required to form major
fracture systems adjacent to the conduit and dike and to de-
termine the genesis and history of the juvenile rhyolitic pyro-
clasts. Fracturing of country rock during explosive eruptions
may be an important process responsible, in part, for fracture
permeabilities seen in associated hydrothermal systems. Natu-
ral hydraulic fracturing has been addressed and modeled
within ancient volcanoes [e.g., Norton, 1984; Nelson and Giles,
1985] and implied as a process leading to hydrothermal erup-
tions [ Nairn and Wiradiradja, 1980].

We have examined fracture fillings described in unoriented
cores from both the conduit and dike holes (RDO-2B and
RDO-3A). Selected cores from RDO-3A were mapped by
wrapping the core with transparent drafting film to trace
lithologic boundaries and fractures. The film was unwrapped
and laid flat to produce the cylindrical maps used in this

The Inyo Domes, California, a chain of rhyolitic tuff rings,
phreatic pits, and domes, are among the youngest volcanoes in
the conterminous United States, crossing the northwestern
edge of Long Valley caldera near the town of Mammoth
Lakes (Figure 1). The north-south trending 10-km-long chain
has been proposed as the surface expression of a sheetlike
rhyolitic dike or dikes [Miller, 1985]. To test the dike hypoth-
esis and investigate processes associated with shallow intru-
sion, two holes were cored across: (1) the vent of Obsidian
Dome and (2) the trend of the chain between Obsidian Dome
and the Glass Creck Flow [Eichelberger et al., 1985]. These
core holes intersected vented and unvented portions of the
underlying dike, respectively.

The conduit hole (RDO-2B) was cored from west to east,
the hole sloping toward the east with an initial plunge of 55°,
through dome lavas, volcanic ash, moraine deposits, precal-
dera basalt flows, Sierran plutonic basement, and vent rhyolite
(Figure 2). The dike hole (RDO-3A) was cored east to west,
plunging initially at 54°, through tephra, moraine deposits,
precaldera basalt flows, “basement” quartz monzonite (the
nearest exposure is the porphyritic quartz monzonite of Kist-
ler [1966]), and across a rhyolite dike [Eichelberger et al., Study.

1985).
An unexpected discovery during this coring project was DESCRIPTION OF FRACTURES AND FRACTURE FILLINGS

Table 1 lists samples by core number and a description of
their location and relevant characteristics. The fractures and

Copyright 1988 by the American Geophysical Union. their filling materials are discussed below for the conduit and
Paper number 7B7084. dike core samples with comparisons to tephra sampled from
0148-0227/88/007B-7084505.00. the tuff ring around Obsidian Dome.

!Also at Sandia National Laboratories, Albuquerque, New Mexico.
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Fig. 1. Obsidian Dome and North and South Glass Creek
Domes, Inyo Craters, California, showing location of the core holes
RDO-2B (conduit hole) and RDO-3A (dike hole). Rhyolitic domes
and phreatic explosion craters are crossed by NNE trending fractures
and faults (not shown).

Conduit Hole (RDO-2B)

The 1.4 x 1.7 km Obsidian Dome and associated tuff ring
(mostly buried by the younger dome) are elongate parallel to
the chain of Inyo domes and craters and a buried dike [Fink,
1985]. The zone of intrusion beneath Obsidian Dome, filled
with rhyolite, is obliquely crossed by the core hole beginning
at a depth of 413 m and ending at a depth of 513 m. The zone
is 51 m wide and contains a 37-m-wide rhyolite conduit. The
other 14 m consists of a fines-depleted breccia containing
quartz monzonite, rhyolite, and basalt clasts interpreted as
fallback tephra, fractured quartz monzonite screens, and sub-
sidiary rhyolite dikes (Figure 2). West of the conduit the hole
traversed basaltic lavas and scoria, and to the east it en-
countered quartz monzonite. Fractures containing clastic ma-
terial are intersected by the core hole from about 10 m west to
25 m east of the conduit. These fractures and their clastic
fillings were sampled from depths of 396 to 533 m (Table 1).
Fractures in welded scoria, located at a depth of 396 to 406 m
and from the conduit boundary to 9.4 m west of the conduit,
contain gray, bedded fill, ranging in thickness from 7 to 40 cm.
Bedding in the fracture fills is varied, from truncated cross
bedding to convolute bedding (Figure 3). Rotation of the core
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about its axis until foreset beds are properly oriented shows
that the fractures are nearly horizontal (Figure 3).

Fractures radiating outward from the eastern side of the
conduit are irregular and not well defined (recovery was in-
complete because the host rock is laced with fractures and
much of the fracture filling was carried away during coring).
Fracture fillings were sampled from depths of 491 m to 533 m,
as far as 24 m to the east of the conduit.

Dike Hole (RDO-34)

This core hole crossed the Inyo dike at a depth of 626 m
and went back into quartz monzonite country rock at 650 m;
at this depth, the dike is 8 m wide. Coring was stopped 30 m
west of the dike at a depth of 759 m. Fracture fills were first
encountered at a depth of 289 m, 129 m east of the dike. The
deepest fracture fillings were observed at a depth of 384 m; alt
of these fractures are within quartz monzonite (Table 1).

Unlike the bedded fracture fillings adjacent to the conduit,
those from the dike core hole are massive. Shallower fracture
fillings (depth ~290 m; distance from dike =~ 128 m) are pres-
ent in fracture networks composed of subhorizontal to near-
vertical fractures (Figure 3). Fracture surfaces are rough and
irregular, with rare slickensides. Larger clasts are concentrated
near the centers of the fillings and define a crude graded bed-
ding, not at all like the well-bedded deposits in fractures adja-
cent to the conduit. Fracture networks consist of both unfilled
and filled fractures with fracture fillings 0.4 to 8 cm thick.
There were no sedimentary structures that could be used to
orient the cores.

Composition of Fracture Fillings

The fracture fillings are composed of three sets of particle
types (Figures 4-7): (1) mineral clasts derived from comminu-
ted quartz monzonite, (2) juvenile glass pyroclasts, and (3)
lithic clasts consisting of quartz monzonite and basalt. Min-
eral clasts make up most of these deposits (Table 2).

Mineral clasts. Mineral clasts consist of the following:

1. Unzoned, perthitic potassium feldspars make up some
mineral clasts; most are subangular to subrounded grains and
range in size from 20 ym to 2 mm.

2. Plagioclase clasts are mostly <300 ym but are as long
as 2 mm. Cores of some grains have been replaced by calcite.

3. Subrounded quartz clasts are equant to slightly elon-
gate, in the size range of 20 ym to 2 mm. Many are fractured
and/or chipped and exhibit undulate extinction under polar-
ized light.

4. Ragged “shredded,” elongate, 40-to 400-um-long biotite
grains are distributed throughout the fracture fillings and are
an important part of the finer-grained matrix (Figure 5).

5. Minor components include Fe-Ti oxides (equant, subhe-
dral grains in the size range of 40400 um) and traces of
hornblende, zircon, and aegerine-augite.

Mineral components of the fracture fills are present in ap-
proximately the same ratio as in the surrounding quartz mon-
zonite (Table 3). Exceptions exist within the conduit hole,
where mineral components are derived from quartz monzonite
but the fractures are located in welded basaltic scoria.

All of the coarser particles are enclosed, at least in part, by a
fine-grained matrix (<40 um). This “rock flour” is composed
of the same mineral and glass clasts and in approximately the
same ratio as the coarser components described in the mode
of Table 3. The smallest clasts are in the size range of 46 um
(Figure 5).
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Fig. 2. Cross sections through the Obsidian Dome conduit and the rhyolite dike between Obsidian Dome and South Glass Creek Dome.
Cross sections are drawn along the surface of the core holes RDO-2B and RDO-3A. Zones of fractures and fracture fillings are located in

quartz monzonitic country rock and basaltic lavas.
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TABLE 1. Description of Pyroclast-Bearing Fragmental Samples From Dike Core (RDO-3A) and
Conduit Core (RDO-2B)
Depth,* Distance,* Glass
Core m m Comments Clasts
RDO-2B (Conduit)
144-10A 396 9.4 W in welded, basaltic scoria yes
144-10B 396 9.4 W well bedded yes
146-7A 400 6.7 W 4-40 cm thick, well bedded, coarse no
146-7B 400 6.7TW in welded scoria, 4-40 cm thick, yes
at granite/basalt contact
148-7A 406 40 W in basalt, 7 cm thick, bedded trace
182-16 491 37E authigenic minerals, no
(L.1'W) especially clays
183-5 492 44 E authigenic minerals, no
05 W) especially clays
183-11 493 45 E authigenic minerals, no
0.3 W) especially clays
186-6 500 78 E authigenic minerals, no
(0.2 E) especially clays
188-7 504 10E authigenic minerals, no
(24 E) especially clays
192-2 512 138 E clast-bearing margin of no
rhyolite finger
194-5 514 148 E in quartz monzonite no
(0.3 E)
197-2 520 176 E in quartz monzonite no
(3.1 E)
205-5 533 242 E in quartz monzonite no
(9.7 E)
RDO-3A (Dike)
128-4A 290 128 E 0.4-0.8 cm thick yes
128-5A 290 128 E up to 8 cm thick yes
128-6A 290 128 E 2.5 cm thick yes
192-7A 289 129 E up to 6 cm thick yes
247-7A 366 95 E 7 ecm thick yes
247-7B 366 95 E up to 4 cm thick yes
248-2A-1 366 95 E up to 8 cm thick, fracture side yes
248-2A-2 366 95 E up to 8 cm thick, fracture center yes
261-1A 384 87 E up to 8 cm thick yes
261-7A 384 87 E up to 4 cm thick no

*Vertical depth from surface and horizontal distance west (W) and east (E) from conduit or dike. For
conduit samples, the shortest horizontal distance to an intact (nonfragmental) intrusive rock is indicated

in parentheses.

Glass pyroclasts. Of 25 samples from fracture fills (both
core holes), 15 contained blocky glass clasts. Most are less
than 1 mm in diameter but range in size from <10 gm to 1.6
mm; coarser clasts are rare. Most have <30% vesicles by
volume.

Quench textures exhibited by juvenile pyroclasts are com-
posed mostly of 5- to 10-um-long feldspars surrounded by
rhyolitic glass. The tabular crystals rise about 1 ym above the
glassy clast surfaces (Figure 7). Most crystals are subparallel
and appear to follow flow banding developed within the
magma before fragmentation. Most of the quench crystals at
grain surfaces appear to have grown after fragmentation; none
are cut by those surfaces but appear to have been forced
through those surfaces by continued crystal growth. In thin
section these quench crystals are optically continuous from
the interior to above the glass surface. Quench crystals are
common in pyroclasts from the dike fracture fillings and range
in composition from An, 4 to An,, (Table 4). However, quench
crystals are rare in pyroclasts from fillings adjacent to the
conduit and have sanidine compositions.

Major element chemical compositions of glass separates
listed in Table 5 show two families of glass compositions:
rhyolite (SiO, ~ 73 to 74 wt %} and rhyodacite (SiO, =~ 69 to
72 wt %). As mentioned below, these two families are associ-

ated with elongate and spherical vesicle shapes, respectively,
especially evident in Obsidian Dome tephra.

Conduit hole (RDO-2B): Fracture fillings sampled close
to the western side of the conduit, at depths of 396-406 m and
from the conduit edge to 9.4 m west of the conduit, all contain
glass pyroclasts (trace to 22%). Pyroclasts are mostly equant,
blocky and contain 0 to 30% small spherical to ovoid vesicles.
Rare micropumices are characterized by parallel, tubular ves-
icles (Figure 5). Most of the micropumices described are all
glass, but some contain small K-feldspar and Fe-Ti oxide
phenocrysts. Pyroclast surfaces are covered with concave solu-
tion pits, 3—10 um in diameter and ~1 pm deep.

Average analyses for core, surface, and bulk pyroclast sam-
ples are presented in Table 5. It was difficult to obtain reliable
analyses of fracture-filling pyroclasts because of small size and
extensive hydration. Therefore detailed chemical comparisons
are not possible. However, data from the pyroclasts generally
resemble the rhyolite compositions of the dike, conduit, and
tuff ring, but they do not resemble the silica-poor, titanium-
rich rhyodacite component that is present in the conduit and
tuff ring.

Dike hole (RDO-3A): Whereas all pyroclasts from frac-
tures intersected near the dike hole are hyalocrystalline, with
the volume of glass ranging from ~30% to ~70% for any
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Fig. 4. Bar graph showing variation in modes of fracture-filling deposits with distance from the vent (RDO-2B).

individual pyroclast, most pyroclasts adjacent to the conduit
are glass. The X ray fluorescence analyses of bulk glass sepa-
rates indicate that the composition of glass pyroclasts in frac-
ture fills over 120 m from the dike are nearly identical to
rhyolite compositions in the dike.

Pyroclast shapes range from cubic to tabular, and clast sur-
faces from planar to irregular. Vesicle shapes range from
smooth, flattened ovoids to ragged voids that are made up of
coalesced vesicles. Vesicle sizes range from 1 um to 60 um
long. Some clasts have a diktytaxitic texture, with irregular
voids and patches of glass between crystals.

Obsidian Dome Tephra

Samples of Obsidian Dome tephra were included in the
study for comparison with those found in cores. These sam-
ples, which came from the inner edge of the tephra ring just
west of the dome (Figure 4) and from a section located 1.5 km
to the northeast, represent tephra believed to have been ex-
plosively erupted from the conduit prior to emplacement of
dome lavas. Miller [1985] estimates that the tephra represents
about 0.02 km3 of magma, which is about one-eighth the
dome volume.

Figure 8 shows the stratigraphic column for the tephra ring
section mentioned above. Sample 1 was taken from a pu-
miceous subplinian fallout layer, while samples 2 and 3 were
taken from planar-bedded and massive-bedded surge layers,
respectively. The subplinian layer is believed to represent a
magmatic stage of the eruption, while the planar- and
massive-bedded deposits show textures that indicate they are

products of phreatomagmatic origin [Wohletz, 1987; Heiken
and Wohletz, 1985]. A similar sequence is visible in the section
northeast of the vent.

Results of grain size analysis are shown in Figure 8 as size
frequency histograms. The size data are represented in these
histograms as a cubic spline curve, which passes through
points corresponding to weight fraction measured in sieves
nested at half-phi intervals (phi = —log, mm). An important
feature of these data is that the distributions are polymodal,
especially those of samples 2 and 3. The polymodality of
tephra size distributions is analyzed and discussed by Sheridan
et al. [1986], and we use that method to interpret subpopula-
tions in our data. Sample 1 shows one significant mode (sub-
population 1), which we feel is characteristic of fallout materi-
als close to the vent. In contrast, samples 2 and 3 have signifi-
cant modes of subpopulations 2, 3, and 4, which show the
relative contributions of particles carried in grain flow, salta-
tion, and suspension. Because of the complexities of tephra
transport during explosive eruptions and the strong effect of
transport mechanism on size distribution, the size data are
difficult to correlate to pyroclast sizes observed in fracture
fills; subpopulation 4, however, is most similar in apparent
size distribution and may best correlate with fracture fill ma-
terials (Tables 3 and 4).

The juvenile glassy pyroclasts are illustrated by scanning
electron micrographs showing dominant textural features: ves-
icles, surface alteration, and grain angularity. Figure 9 shows a
sequence of photos of the subplinian ash (1, bottom photo-
graphs), planar surge (2, middle), and massive surge (3, top). A



Fig. 5. Scanning electron micrographs of clasts from RDO-2B. (a) Thin section. Particles consist mostly of comminuted quartz monzonite
(81%, including K-feldspar, plagioclase, quartz, biotite, Fe-Ti oxides, and quartz monzonite fragments); 19% of the fill consists of blocky,
vesicular glass clasts. (b)) Comminuted quartz monzonite and glass clasts. The fine-grained matrix coating the larger clasts is “rock flour” with
the same ratio of mineral clasts as the coarser fraction. (¢) Thin section. Mostly blocky, vesicular rhyolitic glass clasts, surrounded by
fine-grained mineral grains. (d) Partly vesicular, porphyritic glass clast. Flat light-colored clasts are biotite grains. (¢) Pumice pyroclast with
elongated parallel vesicles. (f) Vesicular glass pyroclasts. Surfaces of these pyroclasts are covered with solution pits. Most of the glass clasts in
deposits located near the conduit appear to have been pitted during interaction with water. (g) Mineral clast coated with smectite clays. (k)
Closeup of the grain surface in Figure 5g.
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Fig. 6. Bar graph of modes of fracture fillings with increasing distance from the dike, RDO-3A.

rhyolitic and rhyodacitic example are shown for each sample
on the left and right, respectively. Compositions, determined
by energy dispersive spectral analysis of grain surfaces, are
listed in Table 5 for Obsidian Dome tephra. Vesicle shapes
vary from stretched and elongated for rhyolitic pyroclasts to
nearly spherical for those with rhyodacitic compositions.
Grain rounding, blockiness, and surface alteration (and sur-
face aggregation of smaller particles), greater for sample 2 and
greatest for sample 3, are caused by the interaction with me-
teoric water during magma fragmentation. Lithic fragments
found in tephra are mostly quartz monzonite and decrease
upward in the sampled section from 7 vol. % to about 2 vol.
%; crystal abundances likewise decrease upward in the sec-
tion. Overall, Obsidian Dome tephra are very similar in tex-
ture and composition to fracture-filling juvenile pyroclasts
except that rhyodacite pyroclasts have not been confidently
identified in the latter.

NATURAL HYDRAULIC FRACTURING

Hydraulic fracturing (hydrofracturing) has been suggested
by Julian [1983] and Julian and Simpkin [1985] to occur nat-
urally during some magma intrusions in the earth’s crust. Fur-
thermore, tensile crack formation has been observed in the
natural geothermal environment in Iceland by Foulger and
Long [1984]. Many workers have attributed long-period seis-
mic events and harmonic tremor to fluid-driven fracturing
[e.g., Fehler, 1983; Chouet, 1986]. Ground surface deformation
(tilt) is commonly observed during man-made hydrofracturing

[Sun, 1969] and has been attributed to hydrofracturing in
volcanoes by pressurized phreatic fluids [West et al., 1978].
The observations we have described here can also be interpre-
ted in light of the hydrofracturing process. The many descrip-
tions of hydrofracturing mechanics [e.g., Hubbert and Willis,
1957: Howard and Fast, 1970; Chouet and Julian, 1985], to-
gether with observations of man-made hydrofractures, enable
certain inferences to be made about the Inyo fracture fillings.

Granular materials are commonly added to fluids during
well stimulation by hydraulic fracturing in oilfields so that
these materials may prop open fractures. Sand is a common
proppant material because it keeps newly formed fractures
open after borehole depressurization and maintains a suf-
ficient permeability for fracture extension during reinjections
[Warpinski et al., 1981]. Because material from the Inyo dike
is observed in fractures and shows bedding similar to experi-
mental hydrofracture proppants, fluid evidently flowed from
the dike through the fracture. The origin of the observed bed-
ding is discussed later in this report.

The explosive products of Obsidian Dome indicate that
early extruded magma contained volatile overpressures. Eichel-
berger et al. [1986] discuss magma water saturation and de-
gassing during both explosive and effusive stages of dome
growth. They maintain that magmatic vapor overpressures
(pressures greater than lithostatic) up to ~50 MPa initially
existed in the conduit. For hydrofracturing to have occurred,
these overpressures must have been sufficient to overcome the
tensile strength of the quartz monozonite (maximum) or open-
ing of preexisting fractures (minimum).
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TABLE 2. Modes of Fracture Fill Constituents

K-  Plagio- Fe-Ti Lithic Matrix
Sample Feldspar clase Quartz Biotite Oxides Glass Clasts <10 pym Comments
RDO-2B

144-10A 18.6 11.0 2.3 6.9 1.1 186 29 36.6 matrix in coarser material
and as beds is mostly rock
<10 pm; small blocky pyrite
144-10B  22.6 4.9 14.1 07 00 219 70 17.0 quartz monzonite and basalt

lithics

146-7B 37.2 11.1 11.1 1.9 06 84 26.7 1.3 quartz monzonite and basalt
lithics

148-7A 17.0 29 106 70 0.0 06 327 281 quartz monzonite lithics

182-16* no mode count; basaltic
clasts are altered; no
glass

183-5 924 4.7 e “ee ..o 833 3.1 mostly basalt and some quartz
monzonite lithics

183-11 7.5 2.0 50 .5 05 --- 500 330 altered basalt clasts

186-6 8.0 2.0 1.5 .- e -+ 675 21.6 mostly quartz monzonite and
and some basalt lithics

188-7 17.8 22 1.7 39 06 -+ 500 239 mostly basalt lithics and

some calcite cement

192-2 28.5 10.5 11.5 35 95 00 21.0 15.5 equal amounts of basalt
and quartz monzonite clasts

RDO-3A

128-4A 29.6 10.3 6.6 7.6 1.0 173 70 19.0 quench crystals throughout
glass (hyalocrystalline)

128-5A 18.0 0.6 50 0.6 0.3 1.6 226 50.3 finely fragmented (more
than other samples)

128-6A 56.0 6.6 60 106 0.6 1.6 80 10.0

192-7A 35.0 11.3 2.3 30 03 9.6 13.6 203 blocky hyalocrystalline
clasts, some with brown
S-ym-diameter spheres on
surfaces

247-7TA 33.0 1.0 3.0 4.3 1.3 113 286 17.0

247-8A 34.6 5.3 3.6 43 06 53 240 216

248-2A 343 16.0 6.6 23 e 93 136 17.3

261-1A 52.6 33 40 43 1.0 60 186 8.3 matrix has abundant
brown < 5-um-diameter
spheres (clays?)

261-7A 426 03 4.6 30 1.3 0.0 388 10.0 spheres, <5-pm-diameter,
in matrix and complete
alteration of some Fe-Ti

oxides
262-4A 19.0 23 3.6 0.3 oo 446 243
*Plagioclase > K-feldspar > biotite/hornblende.
Fracture Orientations TABLE 3. Comparison of Modes From Clastic Fracture Fill

(RDO-3A, Sample 1364b, Depth of 363 m, 94 m East of the Dike) and

Two lines of evidence suggest that at least some of the ) .
; &8 Adjacent Quartz Monzonite Country Rock (500 Points Each)

observed fractures are horizontal:

1. Orientation of the fracture-filling cross bedding with re- Mode Mode Recalculated
spect to the core axis is consistent with horizontal fracture Fracture Without Matrix, Mode
planes. Fill, Lithics, and Quartz

2. Most fractures were encountered in the horizontally % Glass Monzonite
bedded basalt section and the uppermost quartz monzonite K-feldspar 20.8 50.7 39.3
where preexisting horizontally oriented sheet fractures (exfoli- Plagioclase 52 12.7 271
ation fractures) should be most abundant [Johnson, 1970]. Quartz 9.6 234 27.6

For the dike hole the postulated horizontal fractures mini- g;?flfiteoxi dos ?g gi gg
mize the distance for transport of pyroclasts, which were Hornblende 0.2 0.5 trace
found as far as 128 m from the single intrusion encountered in Lithic clasts 52 .
the core hole. Pollard et al. [1983] find that dike emplacement Matrix* 454 -
may locally perturb the regional stress field in a way that near ~ Allanite 0.2 0.5 0.3
the dike, maximum principal stress is oriented horizontally SG;:sesngy roclasts g: ’ 10 lrace

(Figure 10). This perturbation would be evidenced by a set of
horizontally oriented fractures, caused by intrusion-related *Particles <40 ym.
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TABLE 4. Major Element Compositions of Feldspar Quench
Crystals in Glassy Pyroclasts From Fracture Fillings
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Geertsma and Haafkens [1979], and Spence and Turcotte
[1985]. Sun [1969] solves the problem of calculating uplift
from hydraulically induced fractures by considering the equi-

RDO-2B RDO-3A RDO-3A RDO-3A . .. . . L .
144-10A 128-6A 192-7A 261-1A librium distribution of stresses and dlsplacements 1 a sémi-
infinite medium. By assuming a thin disk-shaped fracture and
Si0, 66.33 64.37 64.59 61.33 building upon Green’s [1949] analysis of fracturing in an infi-
Tio, 0.02 0.01 0.03 nite medium, Sun finds the displacements from general equa-
Zr0, 0.04 0.1 0.09 tions of equilibrium for an isotropic elastic body [Love, 1939]
ALO, 19.36 22.40 22.64 24.67 : a < >
FeO 1.14 0.17 0.13 0.26 using an image method for boundary conditions at a free
MnO 0.01 surface. His relationships among fracture dimensions, fluid
MgO N e 0.01 B overpressure, and host rock elastic properties are
CaO 0.51 343 3.81 6.10
NiO 0.09 0.12 b'¢ p — pgh\* 12
BaO 0.26 0.07 i Rl G
Na,O 493 9.55 9.33 8.02 p
K,O 8.65 0.12 0.21 025
wrE

Total 100.24 100.07 101.07 100.94 p = pgh + —————
Analyses 2 4 4 4 8(1 — v X2/
An 231 16.08 17.71 28.51 1613 1 — vZ X LT h
Ab 43.15 81.65 79.82 68.43 q= ( XX/ e — pgh)
or 49.95 0.71 117 142 3E

fracturing, cutting an earlier set of vertically oriented fractures
along which the dike intruded.

The Fracturing Process

Conditions of fracture propagation are readily calculated
for horizontal fractures. We have found good agreement
among the hydrofracture models presented by Sun [1969],

These expressions were numerically solved for four unknowns
using an additional expression from Geertsma and Haafkens
[1979] for an approximately elliptical fracture:

— pgh + e
PP A =X — Xy
In the above expressions, p is total fluid pressure, p is the host
rock density, h is the fracture depth, g is gravitational acceler-

TABLE 5. Major Element Compositions of Obsidian and Glassy Pyroclasts

Sample Type of
Type* SiO, TiO, Al,O, FeO,f MnO MgO CaO Na,O0 K,O Total Number Analysis
RDO-2B Conduit and “Fingers” (Crystalline)
RhD 69.96 036 1547 266 005 047 153 458 483 9991 7 XRF
Rhy 73.17 0.14 1435 1.82 005 011 076 435 525 100.00 4 XRF
F-1 71.22 022 1465 225 006 0.19 1.15 445 509 99.82 9 XRF
. F-2 7248 015 1421 187 005 0.3 085 435 530 99.39 6 XRF
F-3 72.62 0.15 14.18 1.87 005 0.08 085 432 528 9940 5 XRF
RDO-2B Fracture Filling Glass Pyroclasts
144-10A 73.19 006 1275 1.14 000 004 060 238 282 93.05 6 EPM
144-10B 7220 0.11 1330 143 004 009 074 230 249 9274 7 EPM
146-7B 7265 003 13.18 1.14 004 003 0.68 3.06 280 9391 6 EPM
RDO-3A Dike Vitrophyre
Dike 73.61 0.14 1398 180 005 0.05 073 432 529 9997 25 XRF
RDO-3A Fracture Filling Glass Pyroclasts
128-4A 7393 017 1284 081 003 001 053 304 194 9332 5 EPM
192-7A 7335 0.14 1431 180 006 007 074 428 522 9997 i XRF
248-2A 7332 010 13.14 095 004 001 047 310 534 9648 13 EPM
248-8A 7346 0.14 1403 178 005 007 075 443 527 9998 1 XRF
261-1A 7413 0.3 1161 196 006 0.11 068 242 390 9503 2 EPM
Obsidian Dome Tephra
OBS-1A 7244 003 1544 166 008 023 092 362 509 99.99 12 EPM
OBS-1B 69.00 031 17.41 1.53 009 038 141 483 500 99.96 7 EPM
OBS-2A 7323 014 1529 164 0.1 0.13 090 496 496 100.28 11 EPM
OBS-2B 70.33 0.17 1415 165 004 0.13 081 326 412 94.66 4 EPM
OBS-3A 7373 014 1515 145 008 0.14 081 505 505 100.26 8 EPM
OBS-3B 69.28 034 1697 197 007 034 162 455 419 99.33 7 EPM

*RhD, rhyodacite; Rhy, rhyolite; F-1, F-2, and F-3 refer to conduit fingers.

tFeO, is reported as Fe,O; for X ray fluorescence (XRF) analyses and as FeO for electron micro-
probe (EPM) analyses. Most of the individual pyroclasts are hydrated, accounting for the low totals for
these analyses. EPM analyses are of small vesicular pyroclasts, whereas XRF analyses are of 1- to
4-cm-diameter obsidian clasts. Most of the fracture-filling pyroclasts are hydrated (Figure 5). XRF
analyses are from the laboratory of P. Kyle, New Mexico Institute of Mining and Technology.
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Fig. 10. A model of volcanic hydraulic fracturing. (a) Idealized sketch of the fracture geometry above and adjacent to a
vertical dike. Note that hypothetical contours (dashed lines) of maximum principal stress are vertically oriented near the
dike, which illustrates its possible influence upon the local stress field [Pollard et al., 1983] and an explanation for the
location of fractures encountered in the cores. (b) Calculated values of fluid overpressure needed to form the fractures. (c)
Calculated fracture dimensions and average observed fracture widths. (d) Calculated fluid viscosities required to form the
observed fractures. (¢) Calculated fracture formation velocities.
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range of possible viscosities (steam, water, and solid particu-
late slurry) and volume fluxes. Accordingly, we solve the ap-
propriate equation set [Spence and Turcotte, 1985] for a cusp-
like crack tip to find temporal variations of fracture dimen-
sions and viscosity variation with depth (Figures 10d and 10e),
using earlier calculated spatial dimensions. Fracture propaga-
tion is shown to have taken several seconds, and fluid vis-
cosity ranged from that of pure steam to that of a particle-
laden saturated fluid.

The calculations assume that the fractured medium was pre-
viously nonfractured, that the fracturing occurred as a single
event, and, as stated previously, that the fractures are horizon-
tal. Fracture resistance is calculated to be small in relation to
the viscous resistance of fluid flow in a crack of the observed
dimensions (nondimensional stress intensity factor less than 1
[Spence and Turcotte, 1985]), even for cases of reduced shear
modulus and critical stress intensity factor [Clifton et al.,
1976]. Hence the calculated fracture fluid overpressures might
be realistic despite the likelihood that the quartz monzonite
was already fractured by exfoliation, faulting, or both. Still,
the presence of sheet fractures may have played a critical role
in localizing groundwater near the conduit and dike, which is
necessary for creation of phreatomagmatic overpressures
[Wohletz, 1986].

Multiple beds and erosion surfaces within fracture fillings
provide evidence that the fracture extension occurred in
pulses, consistent with the multitude of explosive events re-
corded in tephra sections at Obsidian Dome. The calculated
fracture propagation speeds of 50 to 200 m/s indicate a total
fracture propagation time of several seconds. If indeed numer-
ous fracture pressurizations did occur, then individual fracture
extension events took place in less than a second.

The Origin of Bedding Features in Fracture Fillings

Bedding within fracture fillings implies substantial fluid flow
within those fractures. Chouet and Julian [1985] state that
fluid flow is required for tensile failure to occur. Hydraulic
fracturing experiments conducted in Nevada [Schmidt et al.,
1981; Warpinski et al., 1981] involved the use of multiple
injections, each time using a different color sand proppant.
The mineback into these experimental fractures revealed the
presence of the sand as distinct layers. Kern et al. [1959]
discuss laboratory experiments in which sand proppants are
injected into simulated fractures; cross bedding was observed
to result from settling and erosion caused by “overflushing”
during continued flow of fluids through the partly open crack.

Evidence for contact of fracture-filling material with hy-
drothermal fluids includes solution pits on glass clasts from
fractures next to the conduit (Figure 5). Mineral and lithic
clasts in the same deposits have a thin coating of an authige-
nic clay, most likely a smectite (Figure 5). Clasts within frac-
ture fill deposits adjacent to the dike have fresh surfaces, pre-
sumably related to either their greater distance from the dike
or that they are partly crystalline.

Origin of the Glass Pyroclasts

In his study of Obsidian Dome, Wohletz [1987] proposed
that the eruption went through three stages: (1) it began with
fragmentation and eruption of a highly vesicular melt, produc-
ing a Plinian pumice deposit; (2) this explosive activity may
have disrupted an aquifer, initiating phreatomagmatic activity,
which produced blocky glass pyroclasts with low vesicularity;
and (3) extrusion of Obsidian Dome.
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The pyroclasts found in fractures adjacent to the conduit
and dike are similar in many respects to those in the phreato-
magmatic tephra; they have blocky shapes and less than 30%
vesicles. They also match in composition the rhyolitic compo-
nent of the intrusive and erupted Obsidian Dome lavas and
tuffs. They lack the rhyodacitic component that is abundant in
all but the phreatomagmatic phases of the eruption [Heiken
and Wohletz, 1985]. We, therefore, infer that these pyroclasts
were injected into the fractures, and to some extent acted as
natural proppants, during the phreatomagmatic phases of the
Obsidian Dome eruption.

The abundant tabular feldspars of many intrusive pyroclasts
are similar to quench crystals described by Lofgren [1974].
Following Lofgren’s [1974] approach, the normative feldspar
compositions listed in Table 4 might be interpreted to indicate
supercooling of 30°-80°C in dike fractures and 0°-50°C in
those near the conduit.

We know less about the fractures adjacent to the dike but
suggest that they were injected during the phreatic eruptions
that formed the craters located between Obsidian Dome and
the Glass Creek Flow. If so, the fracturing was a relatively late
event here also, as craters were late in relation to the tephra
eruptions but preceded dome emplacement. The hyalocrystal-
line character of the pyroclasts also argues for a time delay of
perhaps hours or days between establishment of an adjacent
intrusion and development of the fractures, long enough to
allow for significant heating and pressurization of the area
around the intrusion.

Variations in glass pyroclast textures have several expla-
nations. The proximity of sampled fillings to the conduit and
dike places a constraint on the thermal regime. The amount of
groundwater intruding the fractures also might have con-
trolled quenching rate. Furthermore, quench textures may re-
flect conditions related to magma dewatering during cooling.
Maintenance of high water pressures in the gas-tight environ-
ment around the dike (in contrast with the open conduit) may
explain continuation of crystal growth after fragmentation.

The low vesicularity of pyroclasts in fracture fillings adja-
cent to the dike may have several explanations:

1. Interaction of magma with groundwater quenched the
magma before complete vesicle growth was possible.

2. There was early, shallow vesiculation of relatively dry
magma (~ 1 wt. % H,0).

3. They were formed at a fairly advanced stage of degass-
ing bubble collapse of the intrusion. The presence of consider-
able primary vesicularity at greater depths in the dike support
this explanation.

Geothermal Implications of Natural Hydrofracturing

These results suggest that hydraulic fracturing of country
rock may be a common phenomenon during many magmatic
events. Obviously, fracturing increases the permeability of
rocks, but not so obvious is its profound effect upon transfer
of heat and chemical constituents of magma and country rock.
Numerous authors develop the concept of ore deposition in
fractured rocks by hydrothermal circulation, and a similar
approach is considered important for formation of a geother-
mal reservoir. Eruption processes in general and phreatomag-
matic activity in particular may play an important role in the
development of such circulation systems. Consideration of the
abundant data available for geothermal locations in the
Latium volcanic region of Italy supports the foregoing propo-
sition [ Funiciello et al., 1976]. Typically, geothermal reservoirs
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in the Latium region exist in limestone strata at depths up to
several kilometers [ Funiciello and Parotto, 1978]. These same
strata also host regional aquifers. Furthermore, where vol-
canic ejecta are found to have an abundance of fragments
derived from these strata, the ejecta deposits are of phreato-
magmatic origin. Drilling (e.g., at the Latera volcano) has
demonstrated the increased fracture density under volcanoes
with histories of phreatomagmatic eruptions. The end result of
this natural hydrofracturing process is a magma heat source
surrounded by fractured and saturated country rock, a geo-
thermal reservoir.
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